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MassachusettsABSTRACT We studied force-induced elongation of filopodia by coupling magnetic tweezers to the tip through the bacterial
coat protein invasin, which couples the force generator to the actin bundles (through myosin X), thus impeding the growth of
the actin plus end. Single force pulses (15–30 s) with amplitudes between 20 and 600 pN and staircase-like force scenarios
(amplitudes, ~50 pN; step widths, 30 s) were applied. In both cases, the responses consist of a fast viscoelastic deflection
followed by a linear flow regime. The deflections are reversible after switching off the forces, suggesting a mechanical memory.
The elongation velocity exhibits an exponential distribution (half-width<v1/2>, ~0.02 mm s
1) and did not increase systematically
with the force amplitudes. We estimate the bending modulus (0.4  1023 J m) and the number of actin filaments (~10) by
analyzing filopodium bending fluctuations. Sequestering of intracellular Ca2þ by BAPTA caused a strong reduction in the ampli-
tude of elongation, whereas latrunculin A resulted in loss of the elastic response. We attribute the force-independent velocity to
the elongation of actin bundles enabled by the force-induced actin membrane uncoupling and the reversibility by the treadmilling
mechanism and an elastic response.INTRODUCTIONActive formation of filopodia protruding from the cell body is
an important capacity ofmany cell types such asmacrophages
and Dictyostelium discoideum cells (1–4). They serve in the
search and catch of nutrition (as in the case of amoebae)
and play a key role in the removal of pathogens (such as
bacteria or other cell-damaging particles) entering our bodies.
Filopodia are often formed spontaneously by the growth of
actin bundles, a process primarily stimulated by small
GTPases such as Cdc42 (1,4). The formation may be stimu-
lated by chemotactic gradients ofmolecules such as lipopoly-
saccharides associated with the outer coat of bacteria.
Filopodia also form at the leading edge of lamellipodia of
migrating cells. The finger-like protrusions are formed by
actin bundles that aremechanically stabilized by short linkers
(such as fascin) and are interconnected with the branched
Arp2/3-linked actin network. The actin bundle formation is
mediated by the F-actin nucleating protein formin/Dia-2
(1,4). Finally, it is worth mentioning that filopodium-like
protrusions play an important role in the transient tethering
of lymphocytes during their rolling motion along the endo-
thelium. In this case, the cells adhere with the tip of the
protrusions on the surface of the endothelial cells, and adhe-
sion ismediated by binding of receptors of the selectin family
to glycoproteins on the blood cell exposing Lewis X oligo-
saccharides (5–7).
Filopodia are highly dynamic structures. They may form
and shrink spontaneously (3) depending on external stimula-
tion. During the capture of pathogens, very long protrusions
retract and pull the prey (bacteria or colloidal beads coveredSubmitted July 28, 2010, and accepted for publication January 27, 2011.
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adheres. It is eventually engulfed by the plasma membrane
and internalized by phagocytosis. A possible mechanism is
described below. In the final state (that is, shortly before the
pathogens are engulfed), a spider-like network of actin
bundles is formed within the actin cortex of the cell body, as
suggested by microviscoelastic experiments (8,9). In this
way, the actin filaments are firmly anchored in the cell body.
Mechanical strength and modifications of elongation-
retraction dynamics by external forces play a key role in all
the above-mentioned functions of filopodia. In fact, the
mechanical behavior of filopodia depends on the type of
coupling of the particles to the filopodia tips. Thus, nonspe-
cific binding of colloidal beads or glass rods (e.g., by basic
polyelectrolytes such as polylysine) does not induce the
retraction of the protrusions but leads to the formation
of pure lipid tethers (10,11). This suggests that the response
of filopodia to external forces is determined by the coupling of
the force probe to the actin bundles stabilizing the protrusions.
Strong invasin-mediated coupling of the plasma
membrane to the actin cortex was demonstrated previously
in our study of the mechanical deformation of mouse macro-
phages by pulling magnetic beads adhering to the cell
surface via invasin (9). Under these conditions, pulling
forces>0.5 nN induce the formation of trumpet-like protru-
sions growing at speeds of<v>¼ 0.0655 0.020 mm s1 in
a force-independent manner. The elongation saturates after
~30 s and is completely reversible after removal of the force.
In this work, we studied the mechanical response of pre-
formedfilopodia to external forces exerted bymagnetic twee-
zers and their stability against these forces, using reflection
interference contrast microscopy (RICM) to analyze the
shape and motions of the protrusions. The magnetic beadsdoi: 10.1016/j.bpj.2011.01.069
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Yersinia species that causes gastrointestinal infection by
facilitating invasion of the intestine by the pathogens. Inva-
sion is mediated by the strong binding of the coat protein to
b1-chains containing integrins. Very thin filopodia (not
visible by phase contrast microscopy) could be located by
RICM, which allowed us simultaneously to reconstruct the
shape and motion of the protrusions.We studied the response
of the preformed protrusions to two types of force scenarios,
first to single pulses of 15–30 s duration with force
amplitudes, fo, ranging from 20 pN to 600 pN, and second
to a staircase-like force program with force steps of ~50 pN
and durations of 30 s, 90 s, 150 s, or 210 s. In both cases,
the force pulses evoked an elongation of the filopodia that
consisted of a fast (viscoelastic) response followed by a linear
regime of elongation, reminiscent of viscous flow. The latter
regime allowed us to determine the elongation velocities.
Two types of response were observed. In the majority of
cases, the elongation velocities varied between 0.005 and
0.05 mm s1 and did not depend systematically on the force
in the force range between 20 and 600 pN. The distribution
of the force-independent elongation velocities can be repre-
sented by an exponential distribution function with a half-
maximum width of ~0.02 mm s1.
In a second set of experiments, we investigated the shape
and motion of the filopodia by RICM. We found that the
filopodia protruding from the cell body are slightly bent
and touch the surface of the substrate with their tips. They
explore their environment by rotational motion about their
point of anchoring in the cell body with rotational velocities
of the order of dQ/dt ~ 1.2 rad s1. Superimposed on these
sweeping motions, the filopodia exhibit short-wavelength
(<1 mm) bending excitations, which are attributed to
thermal excitations. By quantitative microinterferometric
analysis of the bending excitations, we estimate the bending
modulus at kz 1023 J m. To gain insight into the role of
the actin cortex (into which the roots of the actin bundles
penetrate), we studied the effect of lantrunculin A and
BAPTA on force-induced filopodium elongation. Lantrun-
culin A is an actin-monomer-binding agent that causes
slow decomposition of the actin cortex. It results in a drastic
increase of the elongation velocities. In contrast, the effect
of the Ca2þ chelator BAPTA (which sequesters intracellular
calcium) consists in a strong reduction in the length of the
force-induced elongation of filopodia.MATERIALS AND METHODS
Cell preparations
Mouse macrophages of strain J774 were cultured at 37C in supplemented
cell medium (RPMI 1640 with 10% fetal bovine serum and 1% L-Gluta-
mine (all from Sigma, Seelze, Germany)) in an atmosphere containing
5% CO2. For each experiment, cells were detached from the cell culture
dish and transferred onto a coverglass. After incubating with cell culture
medium for 24 h, the cells were carefully scrapped off the coverglass.The cell suspension was transferred onto a new coverglass forming the
bottom of the measuring chamber, which was kept at 37C during all
experiments.In vivo labeling of the microtubules
Microtubules were fluorescently labeled in vivo with Oregon Green 488
paclitaxel (Molecular Probes, Eugene, OR). Cells were incubated with
10 mM solution of the dye at 37C for 1 h in cell culture medium. Afterward,
they were washed once with phosphate-buffered saline (PBS) containing 2%
bovine serum albumin (BSA) (both from Sigma), and once with pure PBS.In vivo labeling of actin
Transient lipid-mediated transfection with Metafectene (Biontex Laborato-
ries, Munich, Germany) was performed according to the manufacturer’s
protocol to fluorescently label actin in vivo. The DNA containing the
gene for b-actin fluorescently labeled with green fluorescence protein
(GFP, 488/507) was provided ready for transfection by Prof. Martin Aepfel-
bacher (Institute of Prophylaxis, Ludwig Maximilians Universita¨t, Munich,
Germany). Briefly, 80,000 cells/coverslip were cultured in a 12-well dish.
After 24 h, the cell medium was replaced by 1 ml serum-free cell medium
per well. The solutions prepared for the transfection were 1 mg DNA in
50 ml RPMI and 3 ml Metafectene in 50 ml RPMI (a 1:3 DNA/lipid weight
ratio was chosen according to the manufacturer’s recommendation). Meta-
fectene solution was added to the DNA solution, which was then mixed and
incubated for 15–20 min. The DNA-lipid mixture was added to gently
agitated cells. After 4 h incubation time, transfection solution was replaced
by a fresh cell medium. The expression controls were made after 24, 48, and
72 h. As a positive control, we performed the same procedure with 1 mg
GFP vector instead of DNA. A negative control was made by using 1 ml
water instead of DNA.Bead preparation
Tosyl-activated paramagnetic dynabeads (Dynal, Hamburg, Germany) with
a diameter of 4.5 mm were coated with invasin according to the manufac-
turer’s protocol. Recombinant invasin was obtained from Prof. Martin Aep-
felbacher. To verify the binding of invasin to the tosyl-activated groups at
the surface of the beads, the beads were incubated at 4C with rabbit
anti-invasin antibody, diluted by a factor of 1000. They were then washed
three times with 1% PBS to remove unbound antibodies and incubated with
488-labeled goat antirabbit antibodies, diluted 1:200 (Molecular Probes).
Beads that are effectively covered by invasin exhibit a fluorescent rim under
a confocal fluorescent microscope. Before the experiment, 4  105 beads
were added to the cells deposited on the coverglass. After 5–10 min, filopo-
dia start to form and attach to the beads. It should be noted that we cannot
see the filopodia bound to the beads by phase contrast microscopy.
However, they can either be observed directly by RICM, or indirectly by
the observation that they do not escape rapidly after application of a force
pulse. As mentioned in the introduction (and shown in Feneberg et al. (8)),
the invasin-coated beads bind strongly to integrins exhibiting b1-chains.
This coupling results in the binding of the actin cortex to the intracellular
domains of the b-chain, which is mediated in many cells by the actin
membrane coupler talin or similar proteins that expose so-called FERM
domains. The binding of FERM domains to the integrins increases the
binding affinity of these receptors for the coat protein (1).Biochemical stimulations
Latrunculin A (an actin polymerization blocker) and BAPTA (a Ca2þ
chelator) were purchased from Sigma. The following final concentrations
were used in the experiments: 0.1 mM, 2 mM, and 10 mM for latrunculinBiophysical Journal 100(6) 1428–1437
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upon addition. BAPTA requires ~30 min incubation time to penetrate to the
inside of the cell and start sequestering the intracellular Ca2þ.Optical microscopy
Three types of microscope were used. An Axiovert 10 inverted microscope
(Zeiss, Oberkochen, Germany) equipped for phase contrast and bright-field
microscopy was used for the magnetic tweezers experiment. An Axiovert
200 inverted microscope (Zeiss) equipped for epifluorescence and a cooled
12-bit CCD camera (Orca-ER, Hamamatsu, Hamamatsu City, Japan) were
used. Either a neofluar objective (antiflex, 63, oil immersion, NA 1.3) or
an achroplan objective (40/32, LD, NA 0.75) was used for the micro-
fluorescence experiments. The freshly formed filopodia (not visible by
phase contrast microscopy) could be observed by RICM. For that purpose,
a modified Axiomat inverted microscope (Zeiss) using a heated copper
measuring chamber and a Peltier-cooled 10-bit camera (C 4880-85, Hama-
matsu) were used as described previously (12). RICM images were taken
using the neofluar objective (Zeiss) equipped with a wavelength-indepen-
dent l/4-plate. The data were collected and analyzed with the real-time
imaging software Open Box (12) developed in our laboratory.Reflection interference contrast microscopy
The out-of-plane contour and the motion of the filopodia in the image plane
were observed by RICM. This technique allows reconstruction of the real-
space profile h(r,t) by an inverse cosine transformation of the interference
pattern generated by light reflected from the substrate-medium interface
and the medium-membrane interface (13). The intensity distribution is
the cosine transform of the time-dependent height, h(x,y,t), of the cell
over the substrate and can be expressed as (14)
Di ¼ 2Iðx; y; tÞ  ðImax þ IminÞ
Imax  Imin ¼ Kcos½2khðxytÞ; (1)
where I(x,y,t) is the measured intensity distribution of the image, k ¼ 2pn/l
is the wave vector of the incident light. K¼ (Imax  Imin)/(Imax þ Imin) is the
contrast, where Imax and Imin are the maximum and minimum intensities of
the interferogram, which can be determined from the interference fringes
(14,15). For our experiment, l ¼ 546 nm and n ¼ 1.34, yielding k ¼15.4
mm1. As shown previously (14,15), the following approximation can be
used for flicker amplitudes that are small compared to the average height,
<h>. The intensity distribution dDi(r) is related to the amplitude of the
oscillation by
dDiðrÞ ¼ k sinfk<hðrÞ>guðr; tÞ (2)Biophysical Journal 100(6) 1428–1437This technique allowed us to evaluate height fluctuations with ~0.3 mm
lateral resolution and 10–20 nm vertical resolution, which is mainly limited
by the noise of the detection system. The temporal resolution was limited by
the camera response time to 37 ms. As shown in previous publications on
RICM analysis (by the convolution theorem of undulations), this approach
can be adopted if the resting shape of the filopodia changes smoothly, that
is, in such a way that the smallest wavelength characterizing the Fourier
transform of the resting shape is larger than the majority of the undulations.Magnetic tweezers
The setup of magnetic tweezers has been described previously (8,16). In
brief, it consisted of an electromagnet, a function generator, and an ampli-
fier (Fig. 1 A). The magnetic field was generated by a 5-cm-long solenoid
with a diameter of 5 cm wrapped around a soft iron core. The latter exhibits
a nose with a sharp edge that can penetrate into the measuring chamber
(Fig. 1 B). The distance between the front of the nose and the bead can
be varied between 100 and 120 mm (Fig. 1, B and C). To avoid the diffusion
of iron particles and other possible impurities from the nose into the sample,
there is a fine latex film covering the nose. The measuring chamber
consisted of a specially designed copper frame, the bottom of which was
formed by a coverglass on which the cells were deposited. It can accommo-
date sample volumes of 100–500 ml. For each sample, a new glass plate was
glued with vacuum grease on the bottom of the chamber.RESULTS
Optical observations
Fig. 2 A shows an RICM image of a macrophage exhibiting
several filopodia, which can only be observed at higher reso-
lution. Fig. 2 B is a high-resolution image of a filopodium at
the position marked by a square frame in Fig. 2 A. The
stripe-like interference pattern indicates the bending of
the protrusion from the cell body to the substrate surface.
The filopodium exhibits two types of motion: angular rota-
tions about the anchor point at the cell body and bending
fluctuations. To evaluate the first type of motion, images
of the filopodium were taken at time intervals of 1 s, and
the in-plane contour of the protrusion was determined at
each time. These contours are marked by white lines in
Fig. 2 C. From the time series of images, average angular
velocities of the sweeping motion (in the xy-plane) of upFIGURE 1 Experimental setup of magnetic tweezers.
(A) Schematic view of the magnetic tweezers setup. (B)
Cartoon of the inside of the measuring chamber with
a macrophage exposing a filopodium that is attached to
the magnetic bead. The arrow indicates the direction of
force. (C) A phase-contrast image of a cell with a paramag-
netic bead attached to a filopodium. Note that a filopodium
is not visible in phase-contrast microscopy. (D) Phase-
contrast image of a macrophage exhibiting a filopodium
(arrow). Scale bar, 5 mm. (E–G) Fluorescent images of
the macrophage in D showing fluorescently labeled micro-
tubules. The images were taken at different heights—1.6,
2.4, and 4.8 mm—and thus show the varying distribution of
the microtubules inside the macrophage. Note the absence
of microtubules in the filopodium.
FIGURE 2 Analysis of filopodium motion. (A) RICM
image of a macrophage exhibiting several filopodia. (B)
An enlargement of the area marked by the square box in
A, where the position of the filopodium is clearly indicated
by the interference fringes. The distance between two
intensity maxima corresponds to a height difference of
203.8 nm. (C) Superposition of snapshots of horizontal
positions of filopodia. The lines define the in-plane
contours of the filopodium observed at time intervals of
1 s. The numbers indicate the order of the images in time.
Filopodia move with angular velocity up to 1.2 rad s1 in
the xy plane. Note that the black areas in the region of the
cell body correspond to adhered regions of the cell. The
fringes (arrow) correspond to deflected regions of the cell
body. (D) Interferogram of filopodia contours that are
bent in such a way that the tip touches the surface of the
substrate. Note that the out-of-plane contour doesn’t
change appreciably during the angular deflection. The large
jump of the interferogram (arrow) is an artifact.
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the filopodium tip of 2 mm s1.
The undulatory excitations of the filopodium were
analyzed by reconstruction of its contour in the vertical direc-
tion from the RICM images. As shown in Fig. 2 D, the inter-
ferograms are randomly shifted in the horizontal direction (x)
by ~100 nm. The amplitudes of the bending undulations are
obtained from the random shifts (see Fig. 2 D) by assuming
that a distance between two intensity maxima corresponds
to a height difference of l/2n ¼ 203.8 nm (14), where l is
the wavelength of the illuminating monochromatic light
and n the refractive index of the media, which is n ¼ 1.34
for l¼ 546 nm. To relate the local shifts, Dx(t), to the ampli-
tudes u(t), the local slope of the filopodiumwith respect to the
substrate surface has to be considered (cf. Eq. 1). The analysis
of Fig. 2 D yields an estimate of the mean-square amplitude
of <u2> z 2$1013 5 2$1013 m2 calculated from ~30
measurements. The large value of the standard deviation of
<u2> is most likely the consequence of slow lateral
sweeping motions of the filopodia.
The bending rigidity, k, of the filopodium is related to the
mean-square amplitudes, <u2>, of the bending fluctuations
by the approximate relationship (17,18)

u2

z
kBT
k
L3; (3)
where L is the length of the filopodium. The length is Lz 6
mm, yielding a value of the bending rigidity of k ~ 0.4 
1023 J m.
The bending fluctuations of living cells can be enhanced
by active forces, as found for erythrocytes (19). In a previous
study of membrane bending excitations of macrophages, we
showed that short-wavelength excitation modes (L < 1 mm)
are determined by thermal activation; we can thus conclude
with some confidence that the same holds for the short-wavelength fluctuations of the filopodia. Below, we estimate
the number of actin filaments in the protrusions from the
bending modulus.
It is generally assumed that the insides of the filopodia are
filled with actin bundles (2,20), whereas they do not contain
microtubules (MTs). We explored the inner structure of the
filopodia by labeling MTs with Oregon green and actin with
GFP. Fig. 1D shows a phase-contrast image of a macrophage
with a filopodium extending to the left (white arrow). Fig. 1,
E–G, shows images of the cell with fluorescently labeled
MTs that were taken at different heights above the surface
of the glass substrate. It is seen that the MTs form a 2- to
4-mm-thick shell located close to the nucleus, but do not
penetrate the filopodium. The MT shell always appears to
be separated from the cell surface by 0.5–0.8 mm.Force-induced filopodium elongation
To relate the time evolution of the force-induced filopodium
elongation to the mechanical properties of the filopodia and
the actin cortex, we studied the viscoelastic response of the
protrusions to single force pulses and staircase-like pulse
sequences. For the single-impulse experiments, force ampli-
tudes (F0) between 0.02 and 0.6 nN lasting 15–30 s were
applied. Fig. 3 depicts a displacement-time diagram for
a single pulse of 0.3 nN and 16 s duration. For the first
approximation, the displacement, u(t) (black line), can be
represented as a viscoelastic response described as
uðtÞ ¼ s
m
Lð1 expðt=tÞÞ þ t
z
s: (4)
This is a typical response curve of a viscoelastic body
consisting of a linear array of a dashpot (of friction coeffi-
cient z) and a Voigt body that consists of a parallel arrange-
ment of a spring and a dashpot (8). The Voigt body gives riseBiophysical Journal 100(6) 1428–1437
FIGURE 3 A viscoelastic response of filopodia. A typical elongation-
versus-time plot evoked by a single force pulse (gray line). The displace-
ment u(t) (black line) consists of an initial viscoelastic response followed
by a linear flow regime (characterized by straight line dx/dt ¼ s/z, which
defines the average elongation velocity, <v> (dashed line)). To a first
approximation, the viscoelastic regime can be represented by a single creep
curve, x(t) ¼ x0(1  exp{t/t}), which corresponds to the viscoelastic
response of a Voigt body (consisting of a parallel array of a spring and
a dashpot).
FIGURE 4 Elongation velocity distribution. (A) Representation of
measured elongation velocities as a function of applied force (circles). For
comparison, the velocity-versus-force plot of tether-pulling experiments
by Dai et al. (38) is shown (triangles). Three sets of velocities are observed.
The majority of velocities lie between 0.005 and 0.05 mm s1 (regime II).
About 15% of the measurements yield values of v between 0.08 and
0.12 mm s1 (regime III). (B) Histogram of measured elongation velocities
at forces >0.02 nN (cases attributed to tether pulling were excluded).
1432 Zidovska and Sackmannto the first and the dashpot to the second term in Eq. 4. In our
case, we consider the filopodium as a rigid rod of Young
modulus E, and therefore, s is the tension generated by force
F0 in the filopodium. z is an effective friction coefficient of
dimension J s m4. Interpretation of z depends on the
molecular mechanism contributing to the viscous response.
If the elongation is determined by the velocity of elongation
(as in the second term of Eq. 4), s/z would be the growth
velocity. If it is due to the pulling out of the actin bundles
from the cortex, s/z would correspond to the rate of fracture
of binding between the branched actin cortex and the
bundles. It is remarkable that the deflection is completely
reversible although the response and relaxation processes
do not have the same shape as, for example, passive visco-
elastic bodies.Velocity distribution
Fig. 4 A summarizes average elongation velocities measured
for forces between 20 pN and 600 pN. Closer inspection of
the data reveals three groups of velocities (I–III). A certain
fraction of filopodia does not elongate at all (group I). The
majority of values belong to the second group (II), which
ranges between 0.01 and 0.05 mm s1. The third group of
v-values (III), ranging from 0.08 to 0.12 mm s1, comprises
~15% of all cases. The v-values of group III could be due to
the very weak coupling of the beads to the tip of the filopo-
dium so that only a few actin filament are coupled to the
magnetic beads via invasin and are pulled out of the bundles
during bead deflection. In this respect, these cases share
some similarities with tether-pulling experiments, which
are also shown in Fig. 4 A (10,21). However, in striking
contrast to the latter, the velocities of class III do not depend
systematically on the pulling force, F0. Fig. 4 B shows the
distribution of the measured velocities of group II. It can
be represented by an exponential distribution law (seeBiophysical Journal 100(6) 1428–1437Fig. 4 B, dashed line). The average velocity of this group
is <v> ¼ 0.017 mm s1.Stair-like pulses
To evaluate the linearity of the force-induced elongation,
staircase-like force scenarios were applied. The force was
varied in increments of Dfi ¼ 0.05 nN and 0.1 nN from
null up to fmax ¼ 0.6 nN. The duration, T, of the pulses
was 30, 90, 150, or 210 s. Fig. 5 A shows the result for force
steps of Dfiz 50 pN and T ¼ 30 s and a maximum force of
f ¼ 0.35 nN.
It should be noted that small force steps induce visco-
elastic responses that differ in two features from the
response curve observed with large pulses (cf. Fig. 3). The
initial elastic step, Dx0, is much steeper, and the Dx0 ratio
of elastic deflection to force step Dfi (Dx0 /Df0) varies
between 0.7  104 m/N and 1.1  104 m/N. These values
agree well with the ratio x0/F0 in Fig. 3. In contrast, the elon-
gation velocities after each step are much smaller and some-
times close to zero. This is also reflected by the fact that the
total elongation achieved after reaching the maximum
force is considerably smaller. Thus, comparison of Figs. 3
and 5 A shows that the force amplitude, f0, of 0.3 nN leads
FIGURE 5 Staircase-force-pulse sce-
nario. (A) Deflection of filopodium
evoked by a staircase-force scenario
(gray line) measured at increasing and
decreasing forces. The duration of
the pulses was 30 s, the step height
~0.05 nN, and the maximum force
0.35 nN. Note that 1), at increasing
forces, the step height is roughly con-
stant; 2), at decreasing forces, the step
height is very small during the first three
steps, whereas it increases strongly
during the last three steps; and 3), there
is a small residual elongation after
removing the force. (B) Deflection of filopodia evoked by staircase-force scenarios in the presence of 0.1 mM latrunculin A, which was added to the suspension
5 min before measurement. Note that the step height is much larger than in the unperturbed state, and that some jumps can be very large. After the pulse is
switched off, the deflection decays to zero within 10 s.
FIGURE 6 Elongation of filopodia given for an unperturbed sample
(black circles), BAPTA (gray triangles), and latrunculin A (gray squares).
(A) Elongation, L  L0, of filopodia as a function of force, f. Note that L
increases linearly with force for the unperturbed sample and the sample
treated with BAPTA, but that these curves have very different amplitude.
(B) Incremental elongation of filopodia, DL, as a function of force, f.
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pulse, with a total amplitude of f¼ 0.35 nN, leads to an elon-
gation of only 1.3 mm. Taken together, this leads to the
conclusion that 50 pN is a lower limit of the threshold force
evoking elongations of the filopodia.
Fig. 6 A (black circles) shows a plot of the elongation,
DL ¼ L  L0, of the filopodia (L0 is the initial length) as
a function of the total force, f, which is a sum of incremental
forces, f ¼ SDfi. L  L0 increases linearly with increasing
force; therefore, the incremental elongation of filopodia,
DL, remains constant, as shown more directly in Fig. 6 B
(black circles). Remarkable behavior is also found during
the reduction of force, where the relaxation steps increase
with decreasing total force. This suggests that elongation
and retraction are controlled by different mechanisms.
Next we studied the effect of biochemical perturbations
introduced by the calcium-chelating agent BAPTA and the
actin-monomer-sequestering protein latrunculin A. In these
cases, we applied staircase force pulses only.
The effect of BAPTA
Cells treated with low BAPTA concentration (1 mM) exhibit
the same behavior found under the physiological conditions
described above. The absolute value of the total elongation
is drastically reduced to 0.5–2 mm. In rare cases, elongation
reaches up to 2 mm. At high BAPTA concentrations (5 mM),
there is no significant response to the applied force. The
total elongation of the filopodium reaches a maximum of
up to 0.5 mm and has linear dependence on the force
(Fig. 6, A and B, gray triangles).
The effect of latrunculin A
We studied three different concentrations of latrunculin A:
0.1 mM, 2 mM, and 10 mM. Fig. 5 B shows the response
for 0.1 mM. Each force step evokes a stepwise elongation,
and the step height decreases with increasing elongation
(cf., also, Fig. 6 B, gray squares). After switching off the
force, the bead retracts nearly instantaneously (in <10 s).
Similar behavior was observed at higher concentrations,
but the jumps in the elongation of the filopodium aremuch larger (up to 10 mm). The stepwise elastic responses
show that pure tethers of plasma membrane are pulled out
of the cell. The decrease of DL with L is attributed to the
increasing membrane tension.Biophysical Journal 100(6) 1428–1437
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In this work, we studied the mechanical stability of pre-
formed filopodia of macrophages and their dynamic
response to extrinsic forces. By coupling the paramagnetic
beads to the tip of the protrusions by invasin, we can mimic
the catching of bacteria by macrophages. As shown previ-
ously, in this way, the filopodia can actually be stimulated
to actively attract the beads toward the cell body (22)).
The retraction velocities vary between 50 and 150 nm s1.
By combining the magnetic tweezers technique with
RICM, very thin filopodia not visible by phase contrast
microscopy can be located, either through the immobiliza-
tion of the Brownian motion of the bead or by direct obser-
vation by RICM.Summary of the experimental results
We start the discussion with a summary of the pertinent
results.
1. The single-force-pulse experiments showed that on
average, the freshly formed filopodia can balance forces
up to 0.15–0.6 nN provided the beads are strongly
coupled to the tips of the filopodia by the bacterial coat
protein invasin. Above this threshold force, the filopodia
are pulled out with constant velocity up to maximum
lengths of 1–3 mm. Remarkably, the velocity does not
depend systematically on the force up to 600 pN. Above
this limit, the beads detach from the filopodia, which
defines the binding strength of the invasin-coupled
objects to the cell envelope.
2. The process of elongation consists of a viscoelastic
response followed by a linear flow. The initial response
resembles that of a viscoelastic body of the Voigt type
with relaxation times varying between 10 and 40 s.
3. Comparison of the single-pulse experiments and the
stepwise mechanical excitation show that the ratio of
the elastic deflection, x0, to the force amplitude (F0) is
force-independent, suggesting that the elastic response
is linear.
4. A most remarkable finding is that the filopodia relax
nearly completely to their original lengths after switch-
ing off the external force. As shown in Fig. 3, the velocity
of elongation is considerably larger (~0.5 mm s1) than
that of retraction (~0.2 mm s1). The complete revers-
ibility suggests that the cells exhibit a mechanical equi-
librium state (or mechanical memory).
5. Decomposition of the actin cortex by latrunculin A
results in stepwise elongation of the protrusions (for
each pulse), which is attributed to membrane tether pull-
ing. The maximum elongation (DLmax) increases from 3
to 10 mm.
6. Sequestering of the intracellular Ca2þ by the chelating
agent BAPTA exerts two remarkable effects: first, the
force-induced elongation of filopodia is drasticallyBiophysical Journal 100(6) 1428–1437impeded, and second, the maximum elongation is
reduced by a factor of ~5.Models of elongation-retraction dynamics and
force-induced elongation of filopodia
Several models of filopodia formation and their elongation-
retraction dynamics have been published. Single protrusions
and filopodia embedded in the broad lamellipodia of
migrating cells have been examined. Mogilner and Rubin-
stein (23) assume that filopodium growth is controlled by
the capping and uncapping equilibrium of the actin plus
ends. Control of filopodia by membrane elasticity and
bending undulations was considered by Atilgan et al. (24).
Lan and Papoian (25) developed a stochastic description
that accounts for control of growth of individual filaments
by mechanical forces exerted by the plasma membrane.
They showed that for short filopodia the filament length
decreases with increasing membrane forces. Other compu-
tational models yield insight into the dynamics of filopo-
dium growth and show how molecular noise due to
capping protein binding and unbinding can lead to macro-
scopic filopodium length fluctuations (25,26). Michalski
and Carlsson (27) modeled lamellipodia as a dynamic peri-
odic lattice of cross-linked F-actin. Filament aging is
modeled by including several different filament chemical
states. Very recent stochastic computational models by Hu
and Papoian (28) describe the growth of broad lamellipodia
in terms of reaction-diffusion processes to consider the
control of the protrusion dynamics by actin-binding
proteins.
It has become evident very recently that filopodium
growth and decay is controlled by the myosin X motor
(MyoX), which exhibits unique properties (29,30). The
motor can walk on two parallel actin filaments simulta-
neously with velocities of up to 600 nm s1. Most important,
the tail exposes a FERM domain that binds specifically to
the intracellular domain of integrin b-chains (29). Thus,
MyoX could rapidly transport both the charged lipids and
the integrins to the tip of a single filopodium. MyoX has
been shown to control the nucleation and growth of filopo-
dia embedded in lamellipodia. It is recruited to discrete
sites at the leading edge where it induces the formation of
filopodia (30).
The steady-state length of the isolated filopodia of macro-
phages and their capacity to attract pathogens can be under-
stood in terms of F-actin polymerization-depolymerization
reactions combined with reeling actin bundles into the actin
cortex. The basic assumption of this model is that (in the
stationary state) the addition of G-actin at the plus end is
compensated by retraction of the bundles at the base (called
retrograde flow (25)). The retraction can be facilitated by
disassembly of mature F-actin cross-linked with Arp2/3,
mediating the coupling of the bundles to the actin cortex.
This can be mediated by the actin-binding protein coronin,
Mechanical Stabilization of Filopodia 1435which is enriched at the filopodia base and is known to
disassemble Arp2/3-linked F-actin by inducing Arp2/3
unbinding (31). A more detailed model is presented in the
Supporting Material. Such a mechanism is assumed to
control the steady-state length of hair-cell stereocilia (32),
where the role of MyoX is played by the single head motor
myosin XV, which also exhibits a FERM domain.
The steady state is disturbed if invasin-coated beads are
coupled to the tip of the protrusions, preventing the binding
of new actin monomers to the plus end. Therefore, the
filopodium retracts by F-actin decomposition and reeling
in of the bundles (25). The invasin-induced impediment of
the stationary state provides an explanation for the previous
finding that bacteria and invasin-coated beads are pulled
toward the cell body by retraction of the filopodia. The
retraction starts ~100 s after binding (22,33). This incuba-
tion time can be determined by the time required for the
transport of integrins to the filopodia tip by MyoX, which
can move with speeds of up to 600 nm s1.
We address now the question of what controls the force-
independent elongation velocity of filopodia. The elongation
consists of an elastic part and a flow regime (cf. Figs. 3 and 5).
The former is attributed to the elastic deformation of the actin
cortex, associated with the pulling out of the branched actin
bundles from the actin cortex. The simplest explanation of
the flow regime is the force-induced elongation of the actin
plus ends by insertion of new monomers. This is enabled
by the force-induced unbinding of the link between the integ-
rins and actin mediated by MyoX (or talin). Fig. 5 suggests
that the flow regime starts above a threshold force of
50 pN. As shown below, our analysis of the bending fluctua-
tions suggests that the filopodia consist of 10–20 filaments,
corresponding to an unbinding force of 2–3 pN per filament.
The velocity of elongation (~150 nm s1) is determined by
the rate of monomer insertion.
After switching off the force, the insertion of new mono-
mers stops while the ongoing retraction of the bundles at the
minus end results in shortening of the filopodia. As the
elastic stress is relaxed, the filopodia return to their initial
stationary length, suggesting that the cell exhibits some
mechanical memory. However, according to Vonna et al.
(22) and Kress et al. (33), after an incubation time of
>100 s, the invasin-coated bead is attracted to the cell
surface to be engulfed by the macrophage.
Finally, we address the question concerning the forces
mediating the retraction of the filopodia. As noted above,
the forces needed could be reduced by coronin-induced soft-
ening of the links between the actin cortex and the bundles.
It is often assumed that the bundles are pulled in by myosin
II, as shown in the Supporting Material (33–35). Experi-
ments by Xue et al. (35) provided evidence for a mechanical
link between lamellipodia-embedded filopodia and myosin
II located at the interface between the filopodia and the
cell body. Kress et al. (33) observed that filopodia bound
to optical traps by antibodies retract in steps of 36 nm, sug-gesting molecular motor activity, in particular by the minus-
end-directed myosin VI motors exhibiting step lengths of
~30 nm. However, neither knock-out of myosin VI nor
impediment of myosin II by blebbistatin affects the retrac-
tion velocity remarkably.
The retraction force can also be provided by membrane
tension (25). Tether-pulling experiments show that strong
membrane tensions can be generated by membrane-bound
motors such as myosin I (36,37). Retraction forces produced
by membrane tension can also be mediated by MyoX if the
motor protein is coupled to the actin cortex at the base.
Since its motor domain tends to move along the bundles
toward the filopodia tips, it would help to reel in the protru-
sion. The MyoX-actin coupling also can be mediated by the
FERM domain exhibiting an actin-binding domain (36).
More detailed mechanical experiments are required to
explore the regulation of the filopodial length homeostasis
by myosin motors and/or the disassembly of the actin
network at the base of the filopodia.Estimation of the number of actin filaments
in filopodia
By comparing the bending modulus, B, of the filopodia (k)
and the single F-actin strands (BA), one can estimate the
number of filaments. The answer depends on the coupling
strength between the filaments. If the coupling is weak,
the filaments can freely slide along each other. In this
case, k is equal to the number of actin filaments (nA) times
the bending modulus of the single filament (BA z 5 
1026 J m). For strong coupling, the actin bundle behaves
as a rigid rod of cross section AF composed of nA ¼AF/a
single filaments of area a. The bending modulus of a round
rod is B ¼ E A2F=4p, where E is the Young modulus of
a single actin filament. It therefore follows that
Bhkzn2ABA. This equation has been verified by in vitro
measurements of bundles linked by the actin-binding
protein fascin (17). Since the actin filaments within the filo-
podia are strongly coupled by fascin (4), we have to consider
the strong coupling case. With the largest measured value of
k z 0.4  1023 J m, one obtains nA z 10. It should be
noted that nA is a lower limit of the number of actin fila-
ments, since the filament bending stiffness may be underes-
timated due to active excitations of the bending undulations.
However, the value agrees rather well with the minimum
number of actin filaments in filopodia reported previously
(see Mogilner and Rubinstein (23)). This provides further
justification for our adopted approach for the measurement
of bending stiffness.CONCLUSIONS
Single filopodia protruding from the cell body of macro-
phages grow and shrink dynamically by elongation of the
actin filaments at the tip and decomposition at the endBiophysical Journal 100(6) 1428–1437
1436 Zidovska and Sackmannpenetrating into the actin cortex. Binding of bacteria, or
particles covered by bacterial coat proteins, to the filopodia
tips disturbs this stationary state. It impedes the growth by
binding of the actin plus ends to intracellular segments of in-
tegrin b-chains through proteins exhibiting FERM domains
(MyoX or talin (36)). Blockade of the growth process results
in pulling of the pathogens toward the cell body by short-
ening of the filopodia after an incubation time of ~100 s
(22,33). The shortening can be mediated by decomposition
of the filaments anchored in the branched actin cortex by
F-actin-decomposing proteins such as cofilin (1) and coro-
nin (31). Most remarkable is that by this mechanism, cells
can attract pathogens to the cell body against forces of the
order of nanonewtons (19,22).
The present viscoelastic experiments show that force-
induced elongation of filopodia occurs above a threshold
force of ~50 pN. The elongation velocity is determined by
the rate of addition of actin monomers to the plus end but
not by pulling forces <600 pN. The capacity of the thin
protrusions to balance strong transient forces may be impor-
tant for the catching of bacteria adhering to surfaces by
macrophages or Dictyostelium cells (22) or the transient
tethering of white blood cells onto the endothelial cell
surface during their rolling motion (7).SUPPORTING MATERIAL
Model of filopodia mediated catching and attraction of bacteria by macro-
phages is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(11)00189-5.
We are grateful to one of the reviewers for pointing out some theoretical
models that helped us to interpret our experimental results on a more solid
basis.
This work was supported by the Bavaria California Technology Center (Ba-
CaTeC). A.Z. is a Damon Runyon Fellow supported by the Damon Runyon
Cancer Research Foundation (DRG 2040-10).REFERENCES
1. Alberts, B., D. Bray,., J. D. Watson. 1994. Molecular Biology of the
Cell. Garland Publishing, New York.
2. Faix, J., and K. Rottner. 2006. The making of filopodia. Curr. Opin.
Cell Biol. 18:18–25.
3. Borisy, G. G., and T. M. Svitkina. 2000. Actin machinery: pushing the
envelope. Curr. Opin. Cell Biol. 12:104–112.
4. Liu, W., A. Sato,., R. Habas. 2008. Mechanism of activation of the
formin protein Daam1. Proc. Natl. Acad. Sci. USA. 105:210–215.
5. Mattila, P. K., and P. Lappalainen. 2008. Filopodia: molecular architec-
ture and cellular functions. Nat. Rev. Mol. Cell Biol. 9:446–454.
6. Chen, S. Q., R. Alon, ., T. A. Springer. 1997. Rolling and transient
tethering of leukocytes on antibodies reveal specializations of selectins.
Proc. Natl. Acad. Sci. USA. 94:3172–3177.
7. King, M. R., and D. A. Hammer. 2001. Multiparticle adhesive
dynamics: hydrodynamic recruitment of rolling leukocytes. Proc.
Natl. Acad. Sci. USA. 98:14919–14924.
8. Feneberg, W., M. Aepfelbacher, and E. Sackmann. 2004. Microviscoe-
lasticity of the apical cell surface of human umbilical vein endothelialBiophysical Journal 100(6) 1428–1437cells (HUVEC) within confluent monolayers. Biophys. J. 87:1338–
1350.
9. Vonna, L., A. Wiedemann,., E. Sackmann. 2003. Local force induced
conical protrusions of phagocytic cells. J. Cell Sci. 116:785–790.
10. Raucher, D., and M. P. Sheetz. 1999. Characteristics of a membrane
reservoir buffering membrane tension. Biophys. J. 77:1992–2002.
11. Borghi, N., and F. Brochard-Wyart. 2007. Tether extrusion from red
blood cells: integral proteins unbinding from cytoskeleton.
Biophys. J. 93:1369–1379.
12. Schilling, J., E. Sackmann, andA.R.Bausch. 2004.Digital imaging pro-
cessing for biophysical applications. Rev. Sci. Instrum. 75:2822–2827.
13. Limozin, L., andK. Sengupta. 2007.Modulation of vesicle adhesion and
spreading kinetics by hyaluronan cushions. Biophys. J. 93:3300–3313.
14. Zidovska, A., and E. Sackmann. 2006. Brownian motion of nucleated
cell envelopes impedes adhesion. Phys. Rev. Lett. 96:048103.
15. Zilker, A., M. Ziegler, and E. Sackmann. 1992. Spectral analysis of
erythrocyte flickering in the 0.3–4 mm1 regime by microinterferome-
try combined with fast image processing. Phys. Rev. A. 46:7998–8001.
16. Ziemann, F., J. Ra¨dler, and E. Sackmann. 1994. Local measurements of
viscoelastic moduli of entangled actin networks using an oscillating
magnetic bead micro-rheometer. Biophys. J. 66:2210–2216.
17. Lieleg, O., M. M. Claessens, ., A. R. Bausch. 2007. Mechanics of
bundled semiflexible polymer networks. Phys. Rev. Lett. 99:088102.
18. Isambert, H., and A. C. Maggs. 1996. Dynamics and rheology of actin
solutions. Macromolecules. 29:1036–1040.
19. Auth, T., S. A. Safran, and N. S. Gov. 2007. Fluctuations of coupled
fluid and solid membranes with application to red blood cells. Phys.
Rev. E Stat. Nonlin. Soft Matter Phys. 76:051910.
20. Svitkina, T. M., E. A. Bulanova,., G. G. Borisy. 2003. Mechanism of
filopodia initiation by reorganization of a dendritic network. J. Cell
Biol. 160:409–421.
21. Brochard-Wyart, F., N. Borghi, ., P. Nassoy. 2006. Hydrodynamic
narrowing of tubes extruded from cells. Proc. Natl. Acad. Sci. USA.
103:7660–7663.
22. Vonna, L., A. Wiedemann,., E. Sackmann. 2007. Micromechanics of
filopodia mediated capture of pathogens by macrophages. Eur.
Biophys. J. 36:145–151.
23. Mogilner, A., and B. Rubinstein. 2005. The physics of filopodial
protrusion. Biophys. J. 89:782–795.
24. Atilgan, E., D. Wirtz, and S. X. Sun. 2006. Mechanics and dynamics of
actin-driven thin membrane protrusions. Biophys. J. 90:65–76.
25. Lan, Y. H., and G. A. Papoian. 2008. The stochastic dynamics of filo-
podial growth. Biophys. J. 94:3839–3852.
26. Zhuravlev, P. I., and G. A. Papoian. 2009. Molecular noise of capping
protein binding induces macroscopic instability in filopodial dynamics.
Proc. Natl. Acad. Sci. USA. 106:11570–11575.
27. Michalski, P. J., and A. E. Carlsson. 2010. The effects of filament aging
and annealing on a model lamellipodium undergoing disassembly by
severing. Phys. Biol. 7:026004.
28. Hu, L. H., and G. A. Papoian. 2010. Mechano-chemical feedbacks
regulate actin mesh growth in lamellipodial protrusions. Biophys. J.
98:1375–1384.
29. Bohil, A. B., B. W. Robertson, and R. E. Cheney. 2006. Myosin-X is
a molecular motor that functions in filopodia formation. Proc. Natl.
Acad. Sci. USA. 103:12411–12416.
30. Watanabe, T. M., H. Tokuo, ., M. Ikebe. 2010. Myosin-X induces
filopodia by multiple elongation mechanism. J. Biol. Chem. 285:
19605–19614.
31. Cai, L.,A.M.Makhov,., J. E. Bear. 2008.Coronin 1B antagonizes cor-
tactin and remodels Arp2/3-containing actin branches in lamellipodia.
Cell. 134:828–842.
32. Rzadzinska, A. K., M. E. Schneider, ., B. Kachar. 2004. An actin
molecular treadmill and myosins maintain stereocilia functional archi-
tecture and self-renewal. J. Cell Biol. 164:887–897.
Mechanical Stabilization of Filopodia 143733. Kress, H., E. H. K. Stelzer, ., A. Rohrbach. 2007. Filopodia act as
phagocytic tentacles and pull with discrete steps and a load-dependent
velocity. Proc. Natl. Acad. Sci. USA. 104:11633–11638.
34. Khaitlina, S., and H. Hinssen. 2002. Ca-dependent binding of actin to
gelsolin. FEBS Lett. 521:14–18.
35. Xue, F., D. M. Janzen, and D. A. Knecht. 2010. Contribution of filopo-
dia to cell migration: a mechanical link between protrusion and
contraction. Int. J. Cell Biol. 2010:507821.36. Sydor, A. M., A. L. Su, ., D. G. Jay. 1996. Talin and vinculin play
distinct roles in filopodial motility in the neuronal growth cone.
J. Cell Biol. 134:1197–1207.
37. Nambiar, R., R. E. McConnell, and M. J. Tyska. 2009. Control of cell
membrane tension by myosin-I. Proc. Natl. Acad. Sci. USA.
106:11972–11977.
38. Dai, J. W., and M. P. Sheetz. 1999. Membrane tether formation from
blebbing cells. Biophys. J. 77:3363–3370.Biophysical Journal 100(6) 1428–1437
